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Summary
Themultisubunit transcription factor TFIID is essential
for directing eukaryotic promoter recognition and me-
diating interactions with activators/cofactors during
assembly of the preinitiation complex. Despite its cen-
tral role in transcription initiation and regulation,
structural knowledge of the TFIID complex has so far
been largely limited to electron microscopy studies
of negatively stained samples. Here, we present a
cryo-electron microscopy 3D reconstruction of the
large endogenous human TFIID complex. The im-
proved cryopreservation has allowed for a more de-
tailed definition of the structural elements in the com-
plex and for the detection, by an extensive statistical
analysis of the data, of a conformational opening and
closing of the cavity central to the TFIID architecture.
We propose that these density rearrangements in the
structure are a likely reflection of the plasticity of the
interactions between TFIID and its many partner pro-
teins.
Introduction
The regulated transcription of eukaryotic protein coding
genes by RNA polymerase II (Pol II) requires the coordi-
nated assembly of a set of proteins and multiprotein
complexes at specific DNA sequences in the promoter.
The transcription factor IID (TFIID), an essential element
of this complex machinery, recognizes and binds pro-
moter DNA and is thought to help recruit the other gen-
eral transcription factors (TFIIA, TFIIB, TFIIE, TFIIF, and
TFIIH) and Pol II to form the preinitiation complex (PIC)
(reviewed in Orphanides et al., 1996; Roeder, 1996).
TFIID is itself a large multiprotein complex that consists
of the TATA box binding protein (TBP) and a set of 12–14
*Correspondence: enogales@lbl.govTBP-associated factors (TAFs) (Goodrich and Tjian,
1994). TBP alone is able to sustain basal levels of tran-
scription (Kao et al., 1990; Peterson et al., 1990). How-
ever, holo-TFIID appears to be required in a number of
contexts for activated transcription as well as for bind-
ing to promoter sequences other than the TATA box,
such as the initiator (Inr) and the downstream promoter
element (DPE) (Pugh and Tjian, 1990; Tanese et al., 1991;
Dynlacht et al., 1991; Kaufmann et al., 1998; Emami
et al., 1997; Martinez et al., 1998; Burke and Kadonaga,
1997; Zhou and Chiang, 2002).
In spite of its instrumental role in transcription initia-
tion, information regarding TFIID’s structural organiza-
tion remains scarce. Conventional X-ray crystallography
and NMR studies have revealed the structures of a few
individual subunits and subdomains. For example,
TBP has been extensively studied by itself or in a com-
plex with promoter DNA and with either TFIIA or TFIIB
(Geiger et al., 1996; Tan et al., 1996; Tsai and Sigler,
2000). Some TAFs and TAF pairs, including the so-called
histone fold TAFs and several domains of TAF250, have
also been characterized structurally (Hoffmann et al.,
1996; Selleck et al., 2001; Jacobson et al., 2000; Liu
et al., 1998; Mal et al., 2004). However, details on the
overall organization of the TBP/TAF complex have
been elusive, possibly due to its size and the inherent
difficulties in producing large amounts of active assem-
bled complexes. The most useful structural technique
able to overcome these difficulties has been electron mi-
croscopy and image reconstruction. The first low-reso-
lution, 3D structures of human and yeast TFIID were ob-
tained by single-particle methodology with negatively
stained samples (Andel et al., 1999; Brand et al., 1999;
Leurent et al., 2002). Although these studies constituted
an important step in defining the overall architecture of
the complex, the quality of the results was limited by
staining and dehydration effects.
Here, we report the first, to our knowledge, structural
characterization of frozen-hydrated, native, endogenous
human TFIID using cryo-electron microscopy (cryo-EM)
and single-particle reconstruction. The improved pres-
ervation of the complex allowed us to analyze different
classes of TFIID as representing multiple conforma-
tional/biochemical forms of endogenous TFIID in
solution. While single-particle methodology generally re-
quires (or assumes) that the sample is homogeneous, re-
cent approaches have aimed to analyze and characterize
the intrinsic variability present in many macromolecular
complexes (see for example Heymann et al., 2004; Gao
et al., 2004; Tilley et al., 2005; Zhou et al., 2001; Brink
et al., 2004). Here, we have used 2D and 3D classification
and statistical methods to dissect the range of structural
flexibility exhibited by human TFIID. We find that the
complex is able to alternate between at least two dif-
ferent conformations, so that the relative positions of
the three characteristic ‘‘architectural’’ lobes of TFIID
change in a coordinated fashion. The conformational
variability described here may represent functionally dis-
tinct TFIID complexes important for regulation of tran-
scriptional activation in metazoan organisms.
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512Figure 1. Refinement of the 3D Reconstruc-
tion by Projection Matching
(A) Fourier shell correlation curves measuring
the resolution at the beginning and the end of
the refinement. The 0.5 threshold indicates
a final resolution of 32 A˚.
(B) Angular distribution plot of the particles
selected for the final 3D reconstruction show-
ing a fairly isotropic distribution of orienta-
tions (the circles are proportional to the num-
ber of particles).Results
Cryo-EM 3D Reconstruction of Human TFIID
Our structural studies have been carried out by using en-
dogenous human TFIID immunopurified from HeLa cell
nuclei that is transcriptionally active. Images of frozen-
hydrated complexes were recorded in a microscope
equipped with a field emission gun (FEG) using far defo-
cus settings in order to overcome the contrast reduction
due to the buffer composition (presence of glycerol and
sugars) and the presence of a thin carbon support (re-
quired to increase the concentration of complexes on
the grid). Several cycles of 2D classification and align-
ment with IMAGIC (van Heel et al., 1996) were employed
in order to progressively sort out a final data set of
12,816 particles into different views of the complex.
The first cryo-EM model was obtained from the best
class averages by using common lines in IMAGIC with
several reprojections of the previous negatively stained
model (Andel et al., 1999) as an initial anchor set. After
a few cycles of refinement, the resolution stopped im-
proving at 40 A˚. The model was then further refined by
a modified iterative projection matching procedure us-
ing SPIDER (Frank et al., 1996). The final resolution after
12 cycles of refinement was 32 A˚, as determined by the
Fourier shell correlation (FSC) criterion with a cutoff
value of 0.5 (Saxton and Baumeister, 1982) (Figure 1A).
The angular distribution of the directions of projection
data (see Figure 1B) is fairly isotropic.
The refined model of TFIID in Figure 2 is filtered to 32 A˚
resolution and is displayed with a threshold chosen to
include a mass of 1 MDa. This is an approximate thresh-
old, as the precise mass of human TFIID has not been
accurately determined (see Discussion). Overall, the
structure has the general ‘‘horseshoe’’ shape observed
in our previous reconstruction from negatively stained
samples (Andel et al., 1999). However, our new structure
has gained several distinct features and an improved
spatial appearance. The diameter of the structure is
about 200 A˚, and it has three main lobes of similar
size, A, B, and C, arranged around a large central cavity
shaped by a number of surrounding channels. This la-
beling of the main density domains corresponds to
that of the negative stain, as obtained by visual align-
ment of the structures, since both models were obtained
independently in order to avoid model bias. In what we
call a ‘‘front view’’ (Figure 2A) the viewer looks down
the central cavity, which is open at the bottom and sur-rounded by lobes A, C, and B, arranged from right to left
in an anticlockwise fashion. Lobes A and B connect to C
through bridges of density on opposite sides of the
complex and at different heights, defining the major
side channels into the main cavity (Ch1 and Ch2 in Fig-
ures 2A and 2B). Lobe C is more indented than the glob-
ular A and B lobes, and it has two spikes of density at the
front surface of the complex (c1 and c2), best seen in the
‘‘top’’ view (Figure 2B). Connected more loosely to C are
two minor lobes, d1 and d2, on the bottom surface of the
complex, most clearly seen in the ‘‘bottom’’ view
(Figure 2C). These extensions, which give added depth
to the structure and were barely apparent in the previous
negatively stained reconstructions, increase consider-
ably the solvent-accessible surface and contribute to
the complex shape of the central cavity as well as the
channels that connect it to the outside. The main cavity
opening is defined by the space between lobes A and B,
about 40 A˚ wide at its narrowest point. Two side chan-
nels are noticeable: Ch1, a long, narrow groove in the
back of the structure, between lobes B, C, and d2; and
Ch2, a smaller, rounder channel between lobes A, C,
and c1, which, together with the central cavity, make
a continuous water-accessible path all the way across
the complex (most clearly seen in Figure 2C). Also visible
is a smaller opening, Ch3, at the back of the structure
between lobes C, d1, and d2, most clearly seen in the
‘‘back’’ view (Figure 2E).
Structural Variability of Human TFIID
The somehow limited resolution of the structure given
the size of our data set, as well as our analysis of 2D
class averages, suggested that the complex was pres-
ent in more than one biochemical or conformational
state. To characterize this variability, we subclassified
within each of the 84 projection classes containing par-
ticles corresponding to a similar view of the complex
(15º angular step size). Multivariate statistical analysis
(MSA) and classification of each projection group con-
firmed the structural variability of the complex. In partic-
ular, different relative positions of lobes A and B were
revealed and were accompanied by the sporadic ap-
pearance of additional mass in the center of the complex
(see later). In light of these results, we decided to com-
pute a 3D real space variance map by using a new boot-
strap method (Penczek et al., 2006). Two variance maps
were obtained from 500 reconstructions, each using re-
sampled data sets for particles and for samples of the
Conformational Breathing of Human TFIID
513Figure 2. 3D Reconstruction of Frozen-Hydrated Human TFIID at 32 A˚
(A–F) The density threshold has been chosen for a 1MDa complex. The main lobes of density have been labeled A, B, and C, and the smaller ones
are labeled c1, c2, d1, and d2. The channels and cavities have been labeled Ch1, Ch2, and Ch3. (A) Front view. (B) Top view. (C) Bottom view. (E)
Back view. (D and F) Side views. The scale bar represents 100 A˚.background noise, respectively. The variance values for
the structure were significantly higher than the back-
ground variance in some regions of the structure, indi-
cating the presence of significant variation in our data
set (Figure 3). These regions spanned part of the central
cavity and the two main side channels. Additional ‘‘hot
spots’’ were present in the center of lobes A and B. In or-
der to classify the data set according to the variance hot
spots, a 3D mask was generated enclosing the high-var-
iance region (red in Figure 3) that was then projected in
84 quasi-evenly distributed angular directions. Each
projection group was classified by MSA within its re-
spective mask. Although initially we generated up to
five subclasses for each projection direction, visual in-
spection indicated that the majority of the data can be
best described by sorting the particles into just two clas-
ses, corresponding to two main conformations, one
‘‘full’’ or ‘‘closed’’ and one ‘‘empty’’ or ‘‘open’’ (Fig-
ure 4E). The data set was consequently separated into
two groups, from which two 3D reconstructions were
computed and then refined by multireference projection
matching (see Experimental Procedures). The particles
were free to align to either model during the refinement,
and 57% of them correlated best to volume 1 (‘‘closed’’),
while 43% did so to volume 2 (‘‘open’’). The open confor-
mation (volume 2) resembles the initial, average model,
but with a wider, more open central cavity (Figure 5B).
Lobes A and B are farther apart, and the rotation of
lobe A in the opposite direction to that of d2 leads to
the opening of the main entrance to the central cavity
(w50 A˚; best seen in the bottom view of Figure 5B).
Channel 1 between lobes A and c1 also opens as a result
of the A rotation, and it is accompanied by a movement
of c1 in the opposite direction (best seen in the front view
of Figure 5B). In the closed conformation (volume 1,
Figure 5A), the concomitant closure of this channel
leads to a new contact between the front end of A and
lobe c1 (Figure 5A, front view). As a result, the centralcavity of the closed conformation is more ‘‘pinched’’:
d2 reaches inside the cavity as lobe A is rotated towards
it. The difference map between the closed and open
conformations (Figure 5C) shows that the red densities
corresponding to ‘‘positive’’ differences almost always
have a corresponding green, ‘‘negative’’ difference, sup-
porting the general idea of a conformational change be-
tween volumes 1 and 2 (‘‘open/closed’’), rather than
a major difference in biochemical composition (the
‘‘full/empty’’ alternative). Most of the 3D variance map
can be superimposed to the features in the difference
map, further supporting the hypothesis that the 3D var-
iance originates primarily from small movements of the
different lobes. However, small biochemical differences
in composition cannot be entirely ruled out. For exam-
ple, there is no clear matching red density for the green
one on the outer surface of lobe B, which seems to have
a different shape in both conformations. It is also unclear
whether some of the ‘‘red’’ density difference in the cen-
ter of the complex could be due to the presence of small
additional mass in that area. We calculated the FSC
curves for each of the two groups, both directly or ad-
justed to the size of the entire data set (see Experimental
Procedures). The resolution determined by the thresh-
old at 0.5 of the FSC curve is 32 A˚ for the entire data
set, and it is 33 A˚ and 35 A˚ for group 1 and group 2, re-
spectively, before adjustment. The adjusted resolutions
are 30 A˚ for group 1 and 32 A˚ for group 2. It appears that
the separation of the databases on the density within the
high-variance central cavity of the complex resulted in
a partition into what we interpret to be a slightly more
stable conformation (1) and a slightly more flexible one
(2). The 3D variance calculated after partition also seems
to confirm this observation. The average variance in re-
construction 1 is lower than in a random group of the
same size picked from the entire set, while the variance
in reconstruction 2 is somewhat higher (data not shown).
This effect is likely due to the fact that the closed
Structure
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contacts compared to the open conformation, thus sta-
bilizing the closed structure. This result also supports
the idea of conformational breathing, with the present
group 2 still including a range of conformations. A
much larger data set could therefore allow us to isolate
more conformational intermediates in the future.
Covariance Analysis
To investigate if the movements described above are
indeed correlated, we analyzed the covariance between
high-variance regions of the density map. There was
significant positive and negative correlation between
densities localized in different lobes of the 3D struc-
Figure 3. 3D Variance Map and Covariance Analysis
The high density (red) and lower density (yellow) of the 3D variance
map are superposed onto the 3D reconstruction shown in Figure 2
(mesh). The high variance is mainly localized inside the central cav-
ity, Ch1, and Ch2. A few hot spots are also visible at the tips of lobes
A and B, around their hinges, and around c1, c2, d1, and d2. The re-
sults of the covariance analysis are represented by the black and
white symbols. Each symbol (star, hexagon, and dot) corresponds
to a group of variance points that have a significantly high correla-
tion between each other (see Experimental Procedures). Black-
white represents a negative correlation, and white-white and
black-black represent a positive correlation.tures, indicating concerted movements, much in the
same way as the positive and negative parts of the dif-
ference map (symbols on the 3D variance map Figure 3).
Some of these movements appeared to cluster in three
different groups: (i) the rearrangement of density at the
A-d1 hinge seems to be associated with an inward dis-
placement of the d1-d2 density, and with an adjustment
of lobe B about its hinge with C (likely mediated by con-
tacts between d2 and B) (hexagons, Figure 3, bottom
view); (ii) the closure of channel 2 is coupled with both
a downward movement of c1 and an upward and for-
ward movement of A (stars); (iii) variations in the hinge
region between B and C are linked to the position/
conformation of the tip of lobe B (dots). It was not clear
if groups (i) and (ii) were correlated through the move-
ment of lobe A. These results confirm the existence of
concerted movements in the complex.
Discussion
New Structural Features of Human TFIID Revealed
by Cryo-EM Studies
Due to difficulties in obtaining sufficient quantities of na-
tive, active, human TFIID, as well as other multisubunit
complexes involved in eukaryotic transcription initiation,
the only 3D structures of these essential gene regulatory
protein complexes have been 3D EM reconstructions
with negatively stained samples. This sample prepara-
tion method is simpler, requires small amounts of mate-
rial, can be more permissive to certain buffer conditions,
and yields high-contrast images that facilitate the align-
ment of the data. However, negative staining can induce
artifacts due to flattening during dehydration and imper-
fect staining that result in an unfaithful representation of
the 3D organization of the macromolecular complex un-
der study. By contrast, the frozen-hydrated preparation
of protein complexes (cryo-EM) preserves the structure
of proteins in a close-to-native state and thus allows
for the detection of conformational variability that may
be important for the biological function of the complex
under examination.
Our present study of frozen-hydrated human TFIID re-
veals features that generally agree with our previous
negatively stained reconstruction, namely, the subdivi-
sion of the complex into three large lobes arranged
around a central cavity. Visual comparison of our TFIID
cryo-EM structure with the previous model from nega-
tive stain allows us to approximately locate TBP and
the binding sites for TFIIA and TFIIB. TFIIB would be
binding in the neighborhood of channel 1 and TFIIA be-
tween the back of lobe A and d1, while TBP would be lo-
cated by the main cavity, in contact with lobe C. On the
other hand, new density features are visible in the cryo-
EM reconstruction, represented by the c1 and c2 protru-
sions off lobe C and the smaller lobes d1 and d2, which
were barely hinted at in the previous study (Andel et al.,
1999). There are also significant differences in the loca-
tion/definition of the contacts between the lobes. The
connections between density C and lobes A and B are
both located toward the back of the negatively stained
reconstruction, whereas they alternate—back for A-C
and front for B-C—in the cryo-EM model. These differ-
ences are likely to be caused by the penetration and
coverage of the stain in our previous structure, as well
Conformational Breathing of Human TFIID
515Figure 4. 2D Classification within the High-Variance Masks
(A–E) Each row corresponds to one of a few representative views of the complex. (A) Reprojections of the 3D reconstruction. (B) Total 2D average
of the particles in the same view. (C) Corresponding 2D variance. (D) Reprojections of the 3D variance map. (E) New class averages. The arrows
point out the differences between the ‘‘closed/full’’ classes (c) and the ‘‘open/empty’’ ones (o) that were initially used to separate the particles into
two groups.as by the effect of partial flattening for certain orienta-
tions on the support surface.
The overall architecture of the better-preserved, fro-
zen-hydrated complex resembles a short spiral envel-
oping the empty center (see bottom and side views in
Figure 2) rather than a flat horseshoe, with the connec-
tions between A and B and the central C lobe likely play-
ing the role of hinges. The large central cavity can easily
accommodate promoter DNA and, most significantly,
a nucleosome, particularly in the open conformation
(see Figure 5B, bottom view). The newly defined chan-
nels in the structure could also allow a selected number
of substrates or target molecules to enter and exit the
complex at different stages of transcription. The exten-
sive and corrugated surface of the TFIID complex is con-
sistent with the variety of factors that are thought to
interact with TFIID during transcriptional activation and
PIC formation.
Structural Breathing of Endogenous Human TFIID
Because protein complexes are studied free in solution,
single-particle image reconstruction methodology is
‘‘limited’’ by the potential conformational flexibility of
the complex, which, of course, is obviated in X-ray crys-
tallographic studies. However, if the appropriate meth-odology is utilized, single-particle reconstruction can
detect and even characterize variability in the sample
that may lead to a more representative structural de-
scription of large flexible complexes such as TFIID.
Due to the preponderance of X-ray crystallographic
studies, the potential significance of conformational
flexibility in macromolecular assemblies remains poorly
understood. However, the possibility and magnitude of
such flexibility in large complexes will not come as a
surprise, particularly for those whose functions involve
multiple and transitory interactions with many target
factors, as is the case for eukaryotic transcriptional reg-
ulatory complexes. Furthermore, for these large com-
plexes that have the capacity for amplifying biochemical
reorganization at the atomic level into large movements,
the resolution attainable by cryo-EM reconstruction can
be particularly well suited. As an example within the
transcriptional field, the coactivator CRSP/Mediator
can dramatically change conformation, in an activator-
dependent manner, at a scale that makes it possible to
be characterized by relatively low-resolution methods
such as EM (Taatjes et al., 2002, 2004). In the present
study, a unique biochemical preparation gave rise to at
least two distinct conformations of the large human
TFIID complex. Discriminating this conformational
Structure
516Figure 5. Alternative Conformations of Endogenous Human TFIID
(A–B) Two distinct 3D reconstructions were obtained from the two particle groups separated by classification within the high-variance region. (A)
Closed conformation obtained from the first group of 2D class averages (Figure 4E). (B) Open conformation from the second group of class av-
erages (Figure 4E). Both models are represented with a density threshold corresponding to a 1MDa protein complex, in the same orientation on
each row (superposed in Chimera, see Experimental Procedures). The lines and arrows point out the different ‘‘movements’’ described in the text.
(C) Difference map between the two conformations. The positive part (red) and negative part (green) of the (Volume12 Volume2) difference are
superposed on the average of the two volumes (mesh). The average volume is identical to the original reconstruction obtained from the entire
data set. The scale bar represents 100 A˚.variability was made possible by extensive data pro-
cessing, particularly calculation of variance maps in
2D and 3D and application of a dedicated classification
procedure.
Single-particle reconstruction relies on averaging of
massive amount of data, both in 2D and in 3D. Thus, in
addition to 2D averages and the 3D density map, impor-
tant information is contained in the variance. The analy-
sis of variance can provide clues concerning the homo-
geneity of the data and the structural significance of the
observed fluctuations. Classification of images and var-
iance analysis in 2D has traditionally been used to detect
and interpret interimage variability in electron micros-
copy. In some cases, it was even possible to reconstruct
different conformational states present in a mixed pop-
ulation in 3D from the information available in 2D, but the
methods used were not general and were usually spe-
cific to the particular case studied (Heymann et al.,
2004; Gao et al., 2004; Tilley et al., 2005; Zhou et al.,
2001; Brink et al., 2004). In this study, we used the boot-
strap technique (Penczek et al., 2006) in order to esti-
mate directly the real space variance in 3D to character-
ize the conformational variability of human TFIID. The 3D
covariance has added a new dimension to the analysis,
allowing us to identify coordinated movements within
the TFIID complex.A number of possibilities could explain the presence
of more than one conformational state in our HeLa
cell-purified TFIID samples. Different forms of TFIID
have been reported to coexist in HeLa cells, with dif-
ferent transcriptional properties. Complexes with alter-
native TAF subunit compositions have been isolated.
One of these subforms is the TAF30-containing TFIID,
which lacks TAF18 and is thought to play a role in estro-
gen receptor activation (Jacq et al., 1994). More re-
cently, a subpopulation of TFIID, containing the B cell-
specific factor TAF105, has been identified that may
also be present at very low levels in other human cell
lines (Dikstein et al., 1996a). The TAF stoichiometry
has not been clearly established for human TFIID, and
it may be another source of variability (R. Coleman, per-
sonal communication) (Selleck et al., 2001; Sanders
et al., 2002). Additionally, different subunits of TFIID
are direct targets for gene-specific activators and inhib-
itors of transcription (Pugh and Tjian, 1990; Tanese et al.,
1991; Dynlacht et al., 1991). Some of these interactions
may induce a rearrangement of the complex. For exam-
ple, in the case of the human coactivator complex
CRSP, direct reorganization of the complex upon bind-
ing of different activators has been observed and pro-
posed as a mechanism for transcription activation
(Taatjes et al., 2002, 2004). It is possible that activated
Conformational Breathing of Human TFIID
517or inhibited forms of TFIID coexist with a ‘‘neutral’’ con-
formation, either because the modification is perma-
nent, or because TFIID naturally fluctuates between dif-
ferent states in the absence of ligand. Finally, several
posttranslational modifications of TAFs have been iden-
tified (Mizzen et al., 1996; Dikstein et al., 1996b; Segil
et al., 1996; Kouskouti et al., 2004; Sawa et al., 2004;
Boyer-Guittaut et al., 2005). The mechanism and the
extent of these modifications in human cells remain
unclear, but they could induce various rearrangements
of TFIID, as they seem to participate in the dynamic
regulation of TFIID promoter and chromatin binding
activities.
Cooperative Movement of Structural Domains
in the Integration of Transcriptional Cues
The variability that we observe in endogenous human
TFIID could have different physical origins. As men-
tioned above, TFIID appears to exist in different bio-
chemical flavors, not just in different tissues, but also
within a single cell type. This compositional variability
can involve the swapping of TAFs or a variety of post-
translational modifications, both of which are likely to re-
sult in additional conformational variability. Irrespective
of whether the conformational flexibility that we see in
our study originates from distinct biochemical states
or not, our findings suggest a ‘‘breathing’’ mechanism
that may be inherent to the architectural organization
of the complex into discreet lobes with hinge-like con-
nections. We propose that the 3D variability that we ob-
serve in human TFIID could reflect the potential of the
complex to reorganize itself for binding to different li-
gands. A nontrivial finding of our analysis is that the re-
gions of flexibility distributed throughout the density of
the complex are coupled, suggesting the potential co-
operativity of binding sites. The movements illustrated
in our two alternative conformations reveal that the cen-
tral cavity and channels between lobes can rearrange to
change their size and likely their chemical character, giv-
ing the complex a versatility of potential binding sites
and exposed surfaces that can be cooperatively linked
through the scaffold of the structure. This versatility
may reflect an intrinsic property of the complex that
could play a distinct role in directing the formation of
an active PIC at different promoters through interactions
of TFIID with different sets of activators and cofactors.
Experimental Procedures
Cryo-Electron Microscopy of Human TFIID
The human TFIID complex was immunopurified from HeLa cell nu-
clear extracts as previously described (Naar et al., 1998). Both initial
electron microscopy imaging of negatively stained samples and
SDS-PAGE analysis indicated the presence of a variable subunit
composition in the preparations that was especially apparent
when samples were repeatedly freeze-thawed. Consequently, all
of the data used for this study were collected from a single, fresh
preparation of TFIID. 400 mesh copper grids were covered with
a holey carbon film (Bradley, 1965) and by a thin layer of continuous
carbon. A fresh TFIID preparation in 10% glycerol was diluted down
to about 25 nM in HEMK buffer (25 mM HEPES [pH 7.9], 0.1 mM
EDTA, 12.5 mM MgCl2, 200 mM KCl, 0.03% NP-40) containing 3%
trehalose for complex stabilization. A freshly glow-discharged grid
was mounted in a Vitrobot chamber set at 95% relative humidity
and 10ºC. A total of 4 ml of the protein sample was applied to the
grid for 30 s, then rinsed in 4 ml HEMK to remove the excess trehalosebefore vitrification in liquid ethane (Adrian et al., 1984). Cryo-electron
microscopy images were recorded on a Philips CM200 microscope
equipped with a field emission gun, operating at an acceleration
voltage of 200 kV and at a magnification of 50,2003. Data were col-
lected in low-dose conditions (approximately 16 electrons/A˚2) on
Kodak SO163 films with an underfocus ranging from 3.0 to 5.5 mm.
Image Preprocessing
Micrographs were digitized in a Nikon Super Coolscan 8000 scanner
at a pixel size of 12.7 mm, resulting in a pixel size of 2.53 A˚ on the
specimen scale, subsequently decimated to yield 5.06 A˚/pixel. For
the purpose of the particle picking, in order to partially overcome
the low contrast due to both the sample buffer and the presence
of the thin carbon support, appropriate high-pass and low-pass fil-
tering was applied to micrographs. Particles were selected interac-
tively from the filtered images using Boxer (EMAN [Ludtke et al.,
1999]), then extracted from the unfiltered images using a window
size of 1203 120 pixels. The final data set after visual culling reached
a total of 12,816 particles. A large enough window size was chosen
to facilitate the determination of the contrast transfer function (CTF)
parameters by using the Fitctf utility of EMAN and the subsequent
CTF correction. The particles were then transferred to SPIDER for
normalization of densities, CTF phase correction, low-pass filtering,
and extraction of smaller 80 3 80 pixel particle boxes. The data set
was then converted to IMAGIC format for initial analysis.
Initial 3D Reconstruction in IMAGIC
Images were centered and subjected to five successive rounds of
multivariate statistical analysis (MSA), and multireference alignment
(MRA) in IMAGIC (van Heel et al., 1996; Stark et al., 1995). Classifica-
tion and alignment gave rise to a very large number of distinct clas-
ses. The resulting class averages were compared to projections of
the negative stain model of TFIID (Andel et al., 1999) after filtering
it to 45 A˚ resolution. The class averages that agreed best with the
preexisting model, as determined by crosscorrelation, and were
the most homogenous according to visual inspection, were selected
as references for the next cycle of MRA. This procedure only aimed
at discriminating between ‘‘views’’ of holo-TFIID and classes arising
from heterogeneity in the data, and the alignment parameters with
the negative stain model were ignored. Additionally, the worst
15%–20% of the data in each class was rejected throughout the pro-
cess to further reduce the variability within the ‘‘good’’ classes. After
5 iterations, the best 183 class averages were selected to generate
a first 3D reconstruction using common lines and back projection
with a small random set of projections of the negative stain structure
as the initial anchor set. The angular assignment of the 2D averages
was refined against reprojections of this new cryo-EM 3D model. A
new set of MRA references was generated by reprojecting the re-
fined model every 20º to create a new anchor set. After MRA and
MSA, a new angular assignment was obtained, and the process
was repeated for 15º, then 10º step size, as the number of class av-
erages participating in the 3D reconstruction was progressively in-
creased (Stark et al., 1995). The resolution of the model obtained
was limited to 40 A˚ resolution as determined by the Fourier shell cor-
relation (FSC) at 0.5 cutoff level (Saxton and Baumeister, 1982).
Refinement of the 3D Reconstruction in SPIDER
Further refinement of the model was carried out using a classic iter-
ative projection matching scheme in SPIDER (Frank et al., 1992,
1996; Penczek et al., 1994) to which an additional 2D alignment
step was added.
The initial IMAGIC volume was filtered to 40 A˚ resolution, repro-
jected with an angular step of 20º, and used as a reference for the
first cycle of projection matching in SPIDER against the unfiltered,
phase-corrected particle images. A new volume was then computed
using the new angular assignments. The process was repeated sev-
eral times. Throughout the refinement process, particles were re-
jected if their crosscorrelation coefficient with the reference was be-
low a certain threshold, which was determined by visual inspection
and control of the FSC curves. The angular step size was decreased
from 20º to a final of 5º. Because of the low contrast of the data, it
was difficult to align the data unequivocally in the vicinity of angular
directions along which the reprojections of the structure were nearly
mirror-symmetric. Therefore, an additional alignment step was
Structure
518added between successive steps of 3D projection matching in order
to correct the centering of particle projections and to improve the
signal-to-noise ratio of the data by averaging. In this step, 2D align-
ment and clustering of the particle projections assigned to the same
angular direction were performed by using the rotationally invari-
ance K-means algorithm (command AP CM in SPIDER) (Penczek
et al., 1996). Subsequently, new Eulerian angles were assigned to
the class averages, and a corrected reference structure was com-
puted by using the iterative reconstruction algorithm. The final re-
construction included data from 8,016 particles (out of the initial
set of 12,816), and its resolution was 32 A˚, as evaluated by the
FSC criterion (Saxton and Baumeister, 1982; Harauz and van Heel,
1986) at the 0.5 cutoff level (Figure 1A).
2D and 3D Variance Analysis
In order to characterize the heterogeneity of the data, particles were
grouped according to their 3D orientation resulting from projection
matching into ‘‘projection classes’’ encompassing 15º of the Euler
sphere. Every one of these projection groups was subclassified us-
ing hierarchal ascendant classification (HAC) within different masks
in SPIDER. A first mask encompassing the entire complex indicated
variations in three main areas: lobes A and C, and the area in be-
tween. A more detailed analysis of the variation in the data set spe-
cifically within these areas was pursued by creating a smaller, spher-
ical mask around each one of them and projecting it in the
orientations of the respective projection groups. HAC of every group
was performed inside the corresponding projection masks (not
shown).
In an independent approach, a 3D variance map of the 3D recon-
struction was calculated using the technique described by P.A.P.
et al., using the program VA 3R (SPIDER) (Penczek et al., 2006).
Briefly, 500 bootstrap versions of the data set, with phases already
corrected for the effects of the CTF, were picked randomly. A 3D re-
construction of each of these data sets was computed using the pre-
determined Euler angles from the iterative reference projection
matching. The bootstrap estimate of the 3D variance s2B was calcu-
lated using B = 500 resampled volumes filtered at 37 A˚. This low-
pass filter was chosen to be slightly above the resolution limit of
the reconstruction and to reduce the variance that may come from
the defocus variations in the data. The same procedure was used
to calculate the bootstrap variance of the background noise, from
‘‘noise particles’’ extracted from the area surrounding the particles
forming the data set. The real space 3D variance was then calculated
from the bootstrap variances and the number of particles, K, using
the program VA 3R (SPIDER):
s2Struct =Kðs2B2 s2BackÞ; (1)
where s2Back is the average of the background variance estimated by
the bootstrap technique.
The resulting map is presented in Figure 3, superposed onto the
TFIID structure. A 3D mask was generated from the high values of
the variance map and was projected every 15º in the same directions
as the projection groups. The data inside this mask were subjected
to MSA; only the four highest order eigenvectors were used, result-
ing in a new classification of the data. Visual inspection of the class
averages and the repartition of particles between classes revealed
that two classes were sufficient to describe most of the variability
in the data set. In every view, the two class averages would differ
in a similar way, one apparently having higher density in the center
cavity of the complex than the other (Figure 4). The data set was ac-
cordingly split into two groups by measuring the central density in
the class average, and two 3D reconstructions were calculated.
The two models obtained from the separation of the data were si-
multaneously refined by iterative projection matching with the entire
data set; the highest crosscorrelation coefficient determined which
group each particle belonged to. Three cycles of refinement were
performed, finishing at 10º angular step size, at which point the res-
olution stopped improving at 32 A˚ and 35 A˚ resolution for the group
with more and less density in the center, respectively. The first re-
construction included 57% of the particles (volume1), and the sec-
ond contained 43% (volume2). As an additional test for possible
model bias, iterative projection matching of the data in group 1
was performed with volume 2 as the initial reference and vice versa.Conformation 1 was obtained from group 1, and conformation 2 was
obtained from group 2, confirming that the different conformations
were not an artifact imposed on the data, but reflected real confor-
mational variability (data not shown).
In order to compare the resolution obtained before and after sep-
aration of the data into smaller subgroups, we calculated adjusted
FSC curves. The spectral signal-to-noise ratio (SSNR) is related to





when the FSC is calculated from the data set split in half. Addition-
ally, the SSNR of an average or a 3D reconstruction obtained from
N images is proportional to N (Unser et al., 1987). The FSC from
a number of particles, Ni, can be adjusted to what it would be for
N particles by using the correction factor N/Ni:
FSCi;adj: =
FSCi
FSCið12Ni=NÞ +Ni=N; i = 1; 2: (3)
We calculated the FSC curves for the entire data set, group 1,
group 2, and group 1 and group 2 adjusted to the size of the entire
data set. In each case, the resolution was determined by the thresh-
old at 0.5 of the FSC curve. In order to evaluate the effect of the data
partition on the structure variance, 3D variance was also calculated
for groups 1 and 2 and was compared to the 3D variance from ran-
dom groups of equal sizes, chosen from the entire data set.
Covariance
The covariance between voxels of the density map can also be cal-
culated with the B bootstrap data sets, by using the program VA 3C
(SPIDER). This program calculates the crosscorrelation coefficients













where i and j are two voxel indices in a bootstrap 3D map, and nli and
ni are the value of the i
th voxel of the lth density map and of its aver-
age, respectively; the program then stores these values as a 3D map.
The highest value voxels in the 3D variance map were selected,
and their covariance maps were calculated. The highest covariance
values, between 0.13 and 0.25, indicated significant positive and
negative correlation between several high-variance areas, shown
by symbols on the 3D variance map (Figure 3).
Difference Maps
Volumes 1 and 2 were aligned as a result of the two-reference pro-
jection matching refinement described in the section above. Their
3D densities were normalized and subtracted from one another to
obtain two difference maps. Volume1 2 Volume2 is represented in
red in Figure 5C; Volume22 Volume1 is represented in green by us-
ing isosurfaces corresponding to the same density level . The aver-
age of Volume1 and Volume2 was superposed to both difference
maps for localization of the differences.
Volume Rendering
All the volumes shown were filtered at the resolution determined by
the FSC criterion at the 0.5 cutoff using a Butterworth filter in SPIDER
(cutoff 6 0.05 reciprocal unit). The TFIID reconstructions were dis-
played using a density threshold corresponding to a protein mass
of 1MDa. All 3D volumes were rendered with the UCSF Chimera
package (Pettersen et al., 2004) from the Computer Graphics Labo-
ratory, University of California, San Francisco (supported by NIH P41
RR-01081).
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